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Various  oxides  of Al2O3, ZrO2–Y2O3, and  Ta2O5 were  coated  on  ferritic–martensitic  steel for  application  as
an  environmental  barrier  layer.  Sol–gel  based  coating  was  investigated  to form  the  oxides  by  varying  the
coating parameters,  such  as the  concentration  of  the  precursors,  the  temperature  of  the  curing,  cycles  of
repeated runs,  and  additional  heat-treatment.  The  obtained  coatings  revealed  nano-sized  granular  struc-
tures.  The  surface  morphologies  were  rough  in  alumina  and  zirconia,  but appeared  smooth  in tantalum
oxide.  In the  case  of  alumina  and  tantalum  oxide,  coated  layers  were  mostly  amorphous  after  pyrolysis
at  750 ◦C. The  crystalline  phases  were  obtained  after  an  additional  heat-treatment  at  950 ◦C.  In the  case
of  zirconia,  a desirable  oxide  phase  was  formed  when  the  samples  were  cured  at  750 ◦C during  the  coat-
ing  process.  In addition  to the  heat-treatment  after  the  coating,  the repeated  coatings  were  effective  in
crystallizing  the  coated  layers  and  forming  proper  oxides.
©  2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Oxide coatings are considered as an environmental barrier layer
n nuclear ﬁelds because of the nature of oxides having a high
elting point and resistance to corrosion/oxidation. In a pressur-
zed steam environment, Al2O3 and Cr2O3 formed on the surface of
teel-based substrates revealed a noticeable reduction in the rate of
xidation of the mother alloy [1–3]. The surface modiﬁcation using
r-based and FeCrAl alloy, to improve the accident tolerance of a
urrent fuel cladding tube in a light water reactor, is based on the
ormation of beneﬁcial oxides on the surface. ZrO2 is a native oxide
ormed on a current fuel cladding tube, which is also stable in pres-
urized water at about 360 ◦C [4,5]. In the case of liquid-type fusion
lankets, functional coatings were introduced to prevent the cor-
osion against ﬂowing Li-containing coolant and breeder [6,7], and
o insulate the magnetic interaction with the structural part [7,8].
n addition, oxide coatings such as Al2O3 [6,9], Er2O3 [10], and ZrO2
11] are considered to suppress the penetration of tritium through
he structural material into the secondary circuit, since ceramics
re effective to resist the diffusion of tritium.
Sol–gel based coating is advantageous to complex shapes of sub-
trates even inside channels, and also suitable to repair and healing
rocess. The sol–gel coating is one of the forming methods for var-
ous oxides such as alumina [9,12,13], erbium oxide [10], zirconia
11,14], and tantalum oxide [15]. Nowadays, the sol–gel method
s widely applied to realize nano-structured materials [13,16,17]
ince it is versatile to shapes and sizes and also controllable the
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.03.002
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producchemical and physical properties of the materials. It is utilized
to fabricate functional nanoparticles and nanocomposites [17–21],
and to passivate or to form semiconducting layer in nano-scaled
electronic devices [12,13,16]. Sol–gel coating includes the prepa-
ration of sols (solutions of metal-organic compounds) and gelation
of the sols at a speciﬁc condition. Oxides are obtained after cur-
ing the gels at high temperature under an oxidizing atmosphere.
The temperature should be a critical parameter for the genera-
tion of crystalline oxides since the gelation and pyrolysis of organic
compositions occurred during the thermal processing [17–19].
In this study, the behavior of the oxide formation during
a sol–gel process was  investigated with respect to the heat-
treatment on the coated layer. Three kinds of oxides, i.e., Al2O3,
ZrO2–Y2O3, and Ta2O5, were coated on steel substrates. The phases
were analyzed using X-ray diffraction and photoelectron spectra.
Experimental conditions for the sol–gel process were determined
through structural examinations. The potential applicability was
discussed for the obtained oxides.
2. Experimental procedure
Commercial ferritic–martensitic steel with grade 91 was used
as a substrate. The chemical compositions (wt.%) of the steel
used were 8.29Cr, 0.50Mn, 0.89Mo, 0.08Ni, 0.08Cu, 0.25Si, 0.21V,
0.11C, 0.0393N, and Fe as a balance. To apply a coating on differ-
ent types of geometries, two kinds of substrates were machined:
one is a platelet (20 mm × 0.7 mm thickness) and the other is
tubular (10 mm × 1 mm wall thickness × 15 mm length). Steel
substrates were cleaned ultrasonically in acetone. Precursors for
various oxides were prepared by diluting the commercial dip
tion and hosting by Elsevier B.V. All rights reserved.
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fFig. 1. XPS spectra for ZrO2–Y2O3 coatings pyrolyz
oating solutions: Al2O3 (Al-03-P, 3% conc., Kojundo, Japan),
rO2–Y2O3 (SZ-10-3, 3% conc., 90:10 mol%, Kojundo, Japan), and
a2O5 (Ta-10-P, 10% conc., Kojundo, Japan). For the dilution of the
recursors, n-butyl acetate (n-BA) was mixed in 2:1 (33%) to 2:3
60%) volume ratios. The prepared steel substrate was  dipped in
he designated precursor for 30 s, and withdrawn at 0.5 mm/s. The
oated samples were dried at 120 ◦C for 5 min, and then cured at
50–750 ◦C for 5 min  in air. The heating rate was about 10 ◦C/s, and
he cooling rate was about 1.5 ◦C/s. The dip coating and curing pro-
ess were repeated three times to obtain a certain thickness and
omogeneity. For full crystallization, the samples were ﬁnally heat-
reated at 950 ◦C for 10 min  in a vacuum ∼10−5 torr. Temperatures
f 750 and 950 ◦C were determined corresponding to the tempering
nd normalizing temperatures for the ferritic–martensitic steel.
The phases of the prepared Al2O3, ZrO2–Y2O3, and Ta2O5, layer
ere analyzed using an X-ray diffractometer (XRD; D/MAX-2500,
igaku, Japan) and X-ray photoemission spectroscopy (XPS; Sigma
robe, Thermo Scientiﬁc, USA). The XRD detector was  scanned from
0◦ to 80◦ with a rate of 1◦/min using a ﬁxed incident beam at
lancing angle geometry. Wide-scan for XPS was scanned from 0
o 1000 eV binding energies in 1.00 eV steps, and high-resolution
pectra for Zr3d3, Zr3d5, O1s, and C1s were measured in 0.01 eV steps.
urface morphologies of the coated samples were observed using
 scanning electron microscope (SEM; Magellan400, FEI, USA).
. Results and discussion
.1. ZrO2–Y2O3 coatingZrO2–Y2O3 (ZY) coating was prepared using a mixed precursor
f zirconia and yttria. Stable cubic zirconia is obtained by substi-
uting a part of the ZrO2 lattice structure by Y2O3. To conﬁrm the
ormation of ZrO2, the bonding structure was examined using XPSferently at (a) 650 ◦C and (b) 750 ◦C during curing.
as shown in Fig. 1. Dip coated ZY samples were cured differently
at 650 or 750 ◦C. Both samples indicated the formation of Zr O
bonding with minor Fe O bonding. However, peaks of Zr and O
were broad when pyrolyzed at 650 ◦C. In the case of 650 ◦C cured
samples, the Zr3d5 and Zr3d3 spectrums were decomposed into two
lines. For the Zr3d5 spectrum, the peak at 181.7 eV corresponds to
the quadratic ZrO2 phase, and the peak at 182.5 eV is considered as
ZrO2−x [14,22,23]. The O1s spectrum also decomposed into several
lines which revealed the incomplete formation of stoichiometric
ZrO2 [14]. In contrast, the peak split of the Zr3d5 and Zr3d3 spectra
was not observed in the 750 ◦C cured samples. The Zr3d5 and Zr3d3
spectra were obtained at 181.6 and 184.0 eV, respectively. It is sug-
gested that the pyrolysis at higher temperature would be effective
in forming stoichiometric oxides.
As the dip coating was repeated 1–3 times, the phase formation
of ZY oxide was analyzed with respect to the number of coating
cycles. XRD patterns are presented in Fig. 2. The phases of ZrO2 and
Fe2O3 were marked as a square and triangle on the correspond-
ing peaks. ZrO2 peaks were not appeared when the sample was
coated with a single run of dipping and curing (ZY1). ZrO2 and Fe2O3
peaks were observed as the coating processes were repeated two
and three times (ZY2, ZY3). Peaks by a steel substrate were most
signiﬁcant in all samples, since the thickness of the oxide coating
was very thin. In addition, Fe2O3 was  formed after coating which
resulted from the oxidation of the substrate. Fe2O3 was also found
in the XPS spectra shown in Fig. 1. ZrO2 peaks became larger as
the cycles of the coating and the concentration of precursor were
increased. The concentrated ZY precursor (ZYC) was prepared by
decreasing the volume of n-BA diluent 60% to 33%. The concentrated
precursor induced increased formation of the ZrO2 phase.
The bulk form of pure ZrO2 is monoclinic at room tempera-
ture, and transforms to tetragonal at 1170 ◦C and cubic at 2370 ◦C,
respectively [4,17]. The polymorphic transition temperature varied
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ith manufacturing processes. For example, sol–gel developed
anostructured ZrO2 was tetragonal at 500 ◦C and monoclinic at
00 ◦C depending on calcination temperatures [17]. In the case
f cubic ZrO2, crystalline ZrO2 began to form at 600 ◦C in sol–gel
erived zinc zirconate [18]. It is suggested that the pyrolysis tem-
eratures of 650–750 ◦C are sufﬁcient to form the crystalline ZrO2
n the sol–gel coating.
.2. Al2O3 and Ta2O5 coating
Al2O3 (A3) coating was formed using a concentrated precur-
or. The coating process was repeated three times and pyrolysis
uring curing was performed at 750 ◦C. Ta2O5 (T3) coating was
repared under the same conditions except for the precursor con-
entration. Fig. 3 shows the obtained XRD spectra for the studied
xides. ZY3 coating was plotted again to compare with the A3 and
3 coatings. Several ZrO2 peaks (squares) were found in the ZY3
oating, although some of the peaks were overlapped with Fe2O3
eaks. However, Al2O3 peaks (circles) were not observed in the A3
oating. Ta2O5 peaks (diamonds) were also weak to recognize in
he T3 coating. The formation of Fe2O3 was profound. This sug-
ests that amorphous phases were developed in the coated layers.
ccording to previous reports, Al2O3 was amorphous when coated
t low temperature [6,9]. In addition, Ta2O5 coating is amorphous
n most cases [15,24]. Crystalline phases can be obtained by further
eat-treatment at higher temperatures.
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3.3. Effect of heat-treatment
Coated samples were heat-treated at 950 ◦C for 10 min  under a
vacuum to obtain the crystalline phases. Fig. 4 shows the change in
XRD spectra after the heat-treatment (H). The intensity of the ZrO2
peaks (squares) was  increased, and that of the Fe2O3 peaks was
decreased, in the ZY3H sample. The phase formation of ZrO2 was
enlarged to attenuate the effects of the ferric oxide. In the case of the
A3H and T3H samples, Al2O3 peaks (circles) and Ta2O5 peaks (dia-
monds) were manifest after the heat-treatment. Amorphous Al2O3
was crystallized into mixed phases of -Al2O3 and -Al2O3. The
phase transformation is consistent with previous investigations
[6,9,25]. In the case of T3 coating, mixed phases of -Ta2O5 and
TaO2 were formed after the heat-treatment. It was reported that
amorphous tantalum oxide transformed into hexagonal -Ta2O5
after thermal exposure at 800 ◦C, and to orthorhombic L-Ta2O5 at
1000 ◦C [24]. However, tetragonal TaO2 peaks were observed along
with Ta2O5 peaks in T3H sample. It is concluded that the additional
heat-treatment at above 800–950 ◦C was indispensable to form the
crystalline alumina and tantalum oxide.
The additional heat-treatment induced the crystallization of
amorphous Al2O3 and Ta2O5, and also promoted the phase forma-
tion of cubic ZrO2. In addition, the dip coating, which consisting of
dipping, drying, and curing is a thermal process itself. The increased
formation of crystalline phases in the samples of repeated dip
coatings (as shown in Fig. 2) suggest more accumulated thermal
energies in the coated layer.
Microstructures of the coated oxides are presented in Fig. 5.
Angular grains of Al2O3 were observed with grain sizes of less than
100 nm.  The shapes of grains were close to a cubic. The cubical
grains indicate a close packed cubic lattice of the -Al2O3 phase.
Moreover, the angular shapes can also be a result of the poly-
morphic transformation of the disordered -Al2O3 lattice into the
ordered cubic phases (-Al2O3, -Al2O3) and hexagonal phase (-
Al2O3) by the heat-treatment [25,26]. In the case of ZrO2–Y2O3, the
grain boundaries were indistinct as the roughening of the angular
edges occurred. The grain sizes were slightly larger than those of
Al2O3. In the case of Ta2O5, a homogeneous surface was  observed
with rounded grain boundaries. The average grain size was  ∼40 nm
with a uniform size distribution.
The function as a tritium permeation barrier became maxi-
mized when the oxide coating was dense and homogeneous. Grain
boundaries formed between the irregular grains, as in Al2O3 and
ZrO2–Y2O3 coatings, could be a path for tritium diffusion. However,
Ta2O5 coating revealed desirable microstructures in the current
investigation. The permeation experiments regarding tantalum
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xide have not been performed or reported; nevertheless, an
nhanced performance of the Ta2O5 coating is expected. Gener-
lly, dip coating produces low density and crystallinity. However,
he disadvantage could be recovered using proper coating materi-
ls and additional heat-treatments. It is quite an applicable sol-gel
ethod, which is not only versatile to complex shapes and sizes,
ut also limited to the environmental barrier coating.
. Conclusions
Sol–gel based coating was investigated to form the oxides of
l2O3, ZrO2–Y2O3, and Ta2O5 for the application as a tritium per-
eation barrier. The coating process consisting of dipping, drying,
nd curing was repeated up to three times. Amorphous oxides
ere developed after the dip coating of Al2O3 and Ta2O5. In the
ase of ZrO2–Y2O3, crystalline phases were obtained after repeated
oatings. It is considered that the repeated coatings applied more
hermal energies to the coated layer. The phase formation wasocieties 3 (2015) 217–220
also conﬁrmed by the increased curing temperature from 650 to
750 ◦C. In all samples, crystalline phases were obtained and/or
their portion was  increased as the oxides were additionally heat-
treated at 950 ◦C. The oxidation of the steel substrate was  observed;
however, the coated oxides became predominant by the heat-
treatment. The surface morphologies were rough in alumina and
zirconia, while appearing smooth with uniform nano-structured
grains in tantalum oxide. The homogeneous microstructures of tan-
talum oxide suggested the potential applicability of the coating into
the environmental barrier layer. In addition, the advantage of the
coating ﬂexibility is highly applicable.
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